OBJECTIVEdThe evidence on the association between fish consumption, dietary long-chain n-3 fatty acids, and risk of type 2 diabetes is inconsistent. We therefore performed a systematic review and meta-analysis of the available prospective evidence.
T ype 2 diabetes is one of the most common chronic diseases with a great public health burden in most countries. The worldwide prevalence has been estimated to be about 285 million and is predicted to increase substantially in the coming decades (1) . Lifestyle factors, including diet, are key components in the primary prevention of type 2 diabetes (2) . Fish consumption has been of particular interest given the beneficial effects seen on multiple risk factors associated with diabetes, such as lipid profile, blood pressure, and inflammation, as well as on coronary heart disease and stroke (3) . The observed cardiovascular benefits of fish consumption have largely been attributed to the long-chain n-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), predominantly found in fatty fish (3) . Composition of dietary fatty acids is of interest in diabetes because fatty acids may influence glucose metabolism by altering cell membrane function, enzyme activity, insulin signaling, and gene expression (4) , and long-chain n-3 fatty acids are known to be especially potent (5) . However, the role of fish consumption and long-chain n-3 fatty acids in the development of type 2 diabetes remains unclear. Results from randomized controlled trials evaluating the effects of long-chain n-3 fatty acid supplementation on insulin and glucose metabolism among nondiabetic individuals have been mixed. Most studies, including a recent meta-analysis, have however reported no effect (6) . The epidemiological evidence on fish and long-chain n-3 fatty acids in relation to diabetes incidence has recently emerged, but the results have been inconsistent.
Our aim was to summarize the results from prospective studies on the association between self-reported total fish consumption and dietary intake of long-chain n-3 fatty acids and incident type 2 diabetes with a systematic review and a doseresponse meta-analysis, adhering to the PRISMA statement (7) .
RESEARCH DESIGN AND METHODS

Literature search and data extraction
We conducted a literature search through 15 December 2011 using the PubMed and EMBASE databases without restrictions on language or publication date. The search term "diabetes" was used in combination with "fish," "seafood," "fatty acids," "longchain omega-3," "long-chain n-3," "docosahexaenoic acid," or "eicosapentaenoic acid" and "cohort," "prospective," "follow-up," or "longitudinal." Moreover, we reviewed the reference lists from retrieved articles to identify additional relevant studies. Studies were included in the meta-analysis if the following criteria were met and reported: 1) prospective design (prospective cohort studies or nested case-control studies); 2) the exposure studied was self-reported fish consumption or dietary intake of longchain n-3 fatty acids (marine derived n-3 fatty acids such as EPA and DHA); 3) the outcome of interest was incidence of type 2 diabetes; and 4) relative risk (RR) estimates with 95% CIs. We considered odds ratios, risk ratios, and hazard ratios as estimates of the RR. Dose-response meta-analysis requires the distribution of cases and noncases or person-time, and RRs with 95% CIs for at least three quantitative exposure categories or for a continuous exposure. For all identified studies that met inclusion criteria but failed to report sufficient information (8-13), we obtained additional information from the authors. If data were duplicated in more than one study, we included the study with the largest number of cases.
The following data were extracted from each study: the first author's last name, publication year, country where the study was performed, study period, number of cases and cohort size, sex and age of study participants, measure and range of exposure, methods for identifying type 2 diabetes, variables adjusted for in the analysis, and RR estimates with corresponding 95% CIs for each category of consumption of fish and/or long-chain n-3 fatty acids. When several risk estimates were presented, we extracted the ones that reflected the greatest degree of control for potential confounders. The study quality was assessed using the Newcastle-Ottawa Quality Assessment Scale for cohort studies, with which each study is judged based on the selection of study groups, the comparability of the groups, the exposure assessment, and ascertainment of outcome (14) . Study selection, data extraction, and quality assessment were conducted independently by two authors (A.Wa. and D.D.G.), with disagreements resolved by consensus.
Meta-analysis
We conducted a two-stage dose-response random-effects meta-analysis to combine study-specific RRs (15) . Linear doseresponse curves were estimated taking the covariance among risk estimates for different exposure categories into account (15) . Because the included studies used different units to report fish consumption (i.e., grams or servings), we rescaled consumption into servings per week using 100 g as the approximate average serving size. In addition, we explored how this assumption affected the results by changing the approximated serving size to 80 g and 140 g. The median level of consumption for each category was assigned to the corresponding RR estimate. When the median consumption per category was not presented in the article, the midpoint between the upper and lower boundary was used. If the lowest category was open-ended, the lower boundary was assumed to be zero. Openended top categories were assumed to be of the same magnitude as the preceding category. We assessed a potential departure from linearity in the dose-response relationship by modeling consumption levels using restricted cubic splines with three knots at fixed percentiles 10, 50, and 90% of the distribution. A P value for nonlinearity was calculated by testing the null hypothesis that the coefficient of the second spline is equal to 0 in a multivariable random-effects meta-regression model (16) . To examine potential sources of heterogeneity, prespecified sensitivity analyses were defined, including stratifications by sex, geographical region, methods for exposure assessment and ascertainment of outcome, and quality score. Data were not available in the published articles to examine other potentially influential factors, such as age and BMI categories. Further, we conducted sensitivity analyses omitting one study at the time to evaluate whether results were affected markedly by single studies. We also examined the effect of omitting studies with nested case-control design. Statistical heterogeneity among studies was evaluated with the Cochran Qtest and the I 2 statistic (17), which assesses the proportion of total variation that is due to between-study variation. Potential publication bias was assessed with the Egger regression asymmetry test (18) . All statistical analyses were performed with Stata software, version 10.1 (Stata Corp, College Station, Texas, USA). P , 0.05 was considered statistically significant.
RESULTS
Systematic review and study characteristics
The detailed steps of our literature search are shown in Fig. 1 . Briefly, a total of 2,473 articles were identified by searching the databases, 434 duplicated articles and 2,019 articles that did not meet the selection criteria were excluded after screening of abstract and/or title. The remaining 20 articles and 1 additional article (12) identified from reference lists were obtained for full-text review. Among these, 5 articles were excluded because they assessed only total polyunsaturated fatty acids and/or outcome was defined as impaired glucose tolerance rather than incidence of type 2 diabetes (19) (20) (21) (22) (23) . In addition, two duplicate reports from the same study population were excluded (24, 25) . The remaining 14 publications, reporting results from 16 separate cohort studies, were included in the meta-analysis (8) (9) (10) (11) (12) (13) (26) (27) (28) (29) (30) (31) (32) (33) .
Characteristics of the included studies are presented in Table 1 . The 14 articles were published between 2001 and 2011 and involved a total of 527,441 participants and 24,082 cases of diabetes. Two articles reported results from 2 (11) or 3 (28) independent cohorts. Three studies that also assessed biomarkers of fatty acid composition, available only in subsets of the study populations, used a nested case-control design within cohorts with prospective collection of dietary data to study the association between intake of long-chain n-3 fatty acids and risk of type 2 diabetes (8, 9, 31) . Among them, one reported on the association with fish consumption in the whole cohort in a separate article (10) . Among the 16 cohorts, 10 assessed both fish consumption and intake of long-chain n-3 fatty acids (9) (10) (11) 13, (28) (29) (30) 32) , whereas 3 reported only on the fatty acids (8, 26, 31 ) and 3 only on fish consumption (12, 27, 33) . Seven studies were conducted in the U.S. (26) (27) (28) 30, 32) , 4 in Europe (9,10,12,29,31), 4 in Asia (11, 13, 33) , and 1 in Australia (8) . All studies reported RRs adjusted for age and sex; all but 2 were further adjusted for total energy intake (8, 27) , smoking (8, 27) and BMI (27, 29) ; and all but 3 were adjusted for physical activity (12, 27, 29) and alcohol intake (12, 26, 27) . Other covariates were less consistently included in the multivariate models. Eleven studies used self-administered food frequency questionnaires (FFQ) to collect dietary data (8) (9) (10) (26) (27) (28) (30) (31) (32) (33) , whereas 5 used interviewer-administered FFQs (11) (12) (13) 29) . In 1 study, total fish consumption was assessed by a single question (27) , whereas it was obtained as the sum of different types of fish in other studies. Long-chain n-3 fatty acids was defined as the sum of EPA and DHA in 11 studies (8, 9, 11, 13, 28, 29, 31, 32) , as the sum of EPA, DHA, and docosapentenoic acid in 1 study (30) , and not further explained in 1 study (26) . Six studies updated the dietary information with additional FFQs after baseline (11, 28, 32) . Incident diabetes cases were identified by self-report in 13 studies, of which 7 followed up the information with supplementary questionnaires or interviews (28, 30) , with physician's confirmation (8, 31) , or with linkage to medical registries (9, 10) . One study used information from general practitioners and pharmacy databases to identify incident cases (29), 1 used medication inventory information together with measurements of fasting glucose (32) , and 1 used linkage to a nationwide register of drug reimbursement (12) . Among studies that included all self-reported cases (11, 13, 26, 27, 33) , 2 stated that validity of self-reports was reasonable (13, 33) and 1 that results did not differ substantially when using a more strict case definition (11) . The mean range of intake between the highest and the lowest category across studies was about 5.0 servings per week for fish and about 0.38 g per day for long-chain n-3 fatty acids. The study quality was generally good, with all but 3 studies (8, 27, 30) reaching criteria for $6 stars on the scale of 9 (14) .
Combined results
The results across all studies were mixed, with positive, inverse, or null associations. For total fish consumption, there was a high degree of heterogeneity between the 13 included studies (I 2 = 81.3%; P , 0.001). For dietary intake of long-chain n-3 fatty acids, substantial heterogeneity was also observed between the 13 included studies (I 2 = 78.3%; P , 0.001). Omitting 1 study at a time showed that neither summary risk estimates nor measures of statistical heterogeneity were markedly influenced by single studies (I 2 range, fish: 70.2-82.8%; long-chain n-3 fatty acids: 73.2-80.1%; P , 0.001). Further, results of the analysis on fish consumption were not substantially affected by changing the approximated average serving size from 100 g to 80 g (I 2 = 82.5%; P , 0.001) or 140 g (I 2 = 78.9%; P , 0.001). Excluding the 3 nested case-control studies on longchain n-3 fatty acid intake (8,9,31) also had little influence (I 2 = 79.7%; P , 0.001). Because of the high degree of heterogeneity, we did not combine results across all studies into an overall summary risk estimate. Results of the sensitivity analyses conducted to investigate potential sources of heterogeneity are shown in Table 2 , including stratifications by sex, geographical region, and FFQ type, and exclusion of studies with a quality score ,6 (8, 27, 30) and studies that ascertained type 2 diabetes through self-report only (11, 13, 26, 27, 33) . There were substantial differences according to geographical region, in part explaining the heterogeneity in the overall estimates.
The estimated RRs of type 2 diabetes associated with fish consumption and intake of long-chain n-3 fatty acids are shown in Fig. 2A and B for individual studies and combined by geographical region. For each serving per week increment in total fish consumption, the summary RRs of type 2 diabetes were 1.05 (95% CI 1.02-1.09), 1.03 (0.96-1.11), and 0.98 (0.97-1.00) combining studies from the U.S., Europe, and Asia/Australia, respectively. For each 0.30 g per day increment in dietary longchain n-3 fatty acid intake (corresponding to approximately one serving per week of fatty fish), the corresponding summary RRs were 1.17 (1.09-1.26), 0.98 (0.70-1.37), and 0.90 (0.82-0.98). Excluding one Australian nested case-control study on long-chain n-3 fatty acid intake (8) did not markedly affect the summary estimate of Asian/Australian studies (0.90 [0.81-1.00]), whereas all six of the U.S. studies were of cohort design, and only a single European cohort study remained after exclusion of two nested case-control studies (9, 31) in this subgroup.
The Egger test showed no evidence of publication bias for total fish consumption (P = 0.85) or dietary intake of longchain n-3 fatty acids (P = 0.10). We flexibly modeled the dose-response relationships using restricted cubic splines, and we found no evidence of departure from the simpler linear trends (P nonlinearity = 0.81 for fish; P nonlinearity = 0.76 for long-chain n-3 fatty acids).
CONCLUSIONSdWe report the first systematic review and meta-analysis of the prospective association between total fish consumption, dietary intake of longchain n-3 fatty acids, and risk of incident type 2 diabetes. Results from this large analysis including 24,082 cases of diabetes and 527,441 participants show substantial heterogeneity across study results, potentially explained by differences between geographical regions. The summary risk estimates indicate no association among European studies, a direct association among U.S. studies, and an inverse association among Asian/Australian studies. However, results are also partly inconsistent within study areas, and the number of studies outside the U.S. is limited. Compared with major risk factors for type 2 diabetes, such as overweight and obesity (associated with RRs of 2.99 [95% CI 2.42-3.72] and 7.19 [5.74-9 .00] in a recent meta-analysis [34] ), the strength of the summary risk estimates in the current study is modest. A 5% increase in risk for each weekly serving of fish in U.S. studies, however, is comparable to risk estimates (35) . Strengths of this meta-analysis include its large size, and that the assessment was based on data from prospective studies only. This minimizes the possibility that the results were due to recall or selection bias, which are of particular concern in other epidemiological study designs. Recall bias may be especially problematic when studying associations between dietary factors and type 2 diabetes, as diagnosed patients commonly get specific dietary advice and thus may change their habits. In addition, the use of a dose-response approach is superior to the conventional methodology of comparing only the extreme categories of intake, which can vary considerably between studies conducted in different populations. From a public health perspective, a dose-response meta-analysis can provide more useful estimates for better quantifying associations between specified amounts of food and disease risk. However, the approach requires a number of assumptions to be made. In terms of associations between absolute intake levels and disease risk, a meta-analysis can only be as good as the individual study instruments that were used. Dietary questionnaires such as the FFQs are generally more valuable for ranking study participants according to their consumption than for measuring exact consumption levels. In addition, combining results from different studies requires comparing different instruments. Assumptions also had to be made regarding the median level of consumption for each category when this information was missing in the individual studies. Finally, since six studies expressed fish consumption in grams rather than in servings, we had to make assumptions about average serving size.
There are also potential limitations of our findings that must be taken into consideration when interpreting the results. First, a meta-analysis cannot solve inherent problems with confounding in the included studies, which may bias the results toward exaggeration or underestimation of risk estimates. Although most studies controlled for total energy intake, smoking, BMI, physical activity, and alcohol, other factors were less consistently included in the multivariate models. To evaluate the impact of these differences on heterogeneity between studies, we separately combined age-and sex-adjusted (plus race and area where applicable) RR estimates from the Table 1dContinued Reference *Evaluated according to the Newcastle-Ottawa Scale (14) . †Complementary data obtained from authors. ‡Rescaled from grams per day to servings per week using 100 g as the approximate average serving size. xNot included in the final model because adjustment did not substantially alter results. |Rescaled from % of total fat intake to grams per day using information on mean total fat intake for the whole cohort.
care.diabetesjournals.org DIABETES CARE, VOLUME 35, APRIL 2012 925 7 studies on fish consumption providing such data (10, 27, 28, 32, 33) . The statistical heterogeneity in the summary estimate remained (I 2 = 79.5%; P , 0.001), indicating that differences in included covariates is not an important explanation of the differences between studies observed in this metaanalysis. Second, most of the included studies assessed diet with a self-administered FFQ, and in all but 6 studies (11, 28, 32) dietary intake was based on a single questionnaire administered at baseline. Therefore, our findings are likely to be affected by some misclassification of exposure. In cohort studies, misclassification is generally nondifferential, which most likely attenuates the association. Our meta-analysis included questionnaire data on fatty acid intake, while objectively measured fatty acids (e.g., in plasma phospholipid or erythrocyte membrane fractions) would reduce measurement error. Among the 13 studies included in the meta-analysis of long-chain n-3 fatty acids, 4 used biomarker measurements in addition to intake derived from FFQs (8, 9, 31, 32) . Neither EPA nor DHA in plasma phospholipids (8, 9, 32) or erythrocyte membrane phospholipids (9, 31) were significantly associated with risk of type 2 diabetes in individual studies. However, because of the limited number of studies, we did not pool the study-specific risk estimates. Measurement error may potentially also have affected the outcome variable (diabetes incidence) as the result of underreporting of diagnosis in asymptomatic individuals. It is plausible that rates of screening and surveillance may be higher among participants with a healthier lifestyle associated with higher fish consumption, which could lead to greater case ascertainment among such individuals. Further, it is possible that people who are diagnosed with one or several risk factors for diabetes increase their fish consumption as part of a lifestyle change. However, studies that additionally adjusted for hypertension and serum cholesterol (12) restricted analyses to individuals without hypercholesterolemia or hypertension (28) , tested for interaction with hypertensive status (13), or excluded participants who were diagnosed with diabetes during the first years of followup (11, 13, 30, 31) observed no substantial differences in risk estimates. Finally, in a meta-analysis of published studies, publication bias could be of concern because studies with null results or small sample sizes tend not to be published. However, we found no evidence of publication bias in this meta-analysis.
Intake of long-chain n-3 fatty acids has been hypothesized to have beneficial effects on insulin resistance and type 2 diabetes because of their ability to inhibit inflammatory pathways and suppress expression of genes related to lipid metabolism (5). However, most randomized controlled trials that have examined the effects of long-chain n-3 fatty acid supplementation on insulin sensitivity have found no effects (6) . If an association between fish consumption and risk of type 2 diabetes is attributable to a high intake of EPA and DHA, the association should be more evident with fatty than with lean fish. However, only three studies assessed types of fish separately (10, 29, 33) . The Rotterdam study reported positive associations with total and lean fish (accounting for 81% of total fish consumption), but not with fatty fish or with long-chain n-3 fatty acids (29) . Results from the European Prospective Investigation of Cancer (EPIC)-Norfolk cohort indicated inverse associations with total, white and oily fish, although statistically significant only for total fish (10). In a subsample of the (8, 27, 30) . xExcluding studies that ascertained type 2 diabetes through self-report only (11, 13, 26, 27, 33) .
same cohort, the association with intake of long-chain n-3 fatty acids was nonsignificantly inverse (9) . In the Japanese study, risk of type 2 diabetes tended to decrease with oily fish consumption, but not with lean fish among men; no associations were observed with either total or types of fish among women (33) . It should also be noted that most studies did not distinguish between preparation methods. It is possible that consumption of fried and deep-fried fish, as well as the use of batter and type of frying media may differ between populations, potentially in part explaining the differences between geographical regions. In addition to long-chain n-3 fatty acids, fish is an important contributor to selenium intake. Findings from randomized trials indicate that selenium supplementation may be associated with an increased risk of type 2 diabetes (36) . In one of the included studies on long-chain n-3 fatty acids, additional adjustment for selenium intake markedly attenuated the risk estimates (29) . Regarding vitamin D, another nutrient abundant in fish, there is accumulating evidence that inadequate vitamin D status may be associated with development of type 2 diabetes, but evidence from longitudinal studies measuring circulating 25-hydroxyvitamin D is sparse and inconsistent (37) . There is also the potential of adverse effects due to ingestion of contaminated fish. The available evidence of an association between exposure to persistent organic pollutants and risk of type 2 diabetes is relatively consistent (38) . However, as it is conceivable that the metabolism of the pollutants could be altered as a consequence of the disease, identification of mechanisms by which these compounds could influence risk is needed to determine if the association reflects a causal relationship (38) . Further, fish consumption is one of the major sources of mercury exposure, which has been shown to affect insulin secretion through oxidative stress-induced b-cell dysfunction (39) . A recent large scale cross-sectional study suggested that both blood mercury and serum dioxin levels are associated with increased risk of insulin resistance, and that simultaneous exposure additionally increases the risk (40) .
In conclusion, results from this metaanalysis indicate differences between geographical regions in observed associations of total fish consumption and dietary intake of long-chain n-3 fatty acids with risk of type 2 diabetes, with an increased risk among studies conducted in the U.S., no association in European populations, and an inverse association in Asian/ Australian populations. In consideration of the heterogeneous results, as well as the cardiovascular benefits associated with the studied exposures, the relationship and its possible mechanisms warrant further investigation. Types of fish consumed (lean, fatty, shellfish), dietary factors in fish, as well as preparation methods and levels of contamination, which could vary across different countries, should be comprehensively investigated when the potential role of fish and long-chain n-3 fatty acids in the development of type 2 diabetes is examined in future studies.
